In the context of this paper, undrained response of fiber reinforced sands is investigated through consolidated undrained triaxial tests conducted under effective consolidation pressures of 50, 100 and 200 kPa. in loose state of the host sand (Dr=25%) and at fiber concentrations of 0.5% and 1%. Results were challenging since addition of fiber reinforcement caused increased dilative tendency of the host sand giving way to considerable amount of decrease in excess pore water pressures which is advantageous for undrained loading conditions especially for earthquake loading conditions. This behaviour brought about the fact that both fiber phase and the sand matrix should be contributing to hydrostatic and deviatoric stress states of the fiber reinforced samples which was also proved very recently by a couple of researchers in the literature.
INTRODUCTION
Fiber reinforced soil which is a mechanical means of soil reinforcement may be one of the most practical reinforcement methods due to its technical feasibility and cost effectiveness. Fiber reinforcement has a potential use in pavementlayers, retaining walls, embankments, protection of slopes, stabilisation of thin soil veneers and in geotechnical earthquake engineering applications (ex: as an alternative liquefaction mitigation technique) [1] [2] . Considerable amount of experimental data has been accumulated over the past few decades concerning fiber reinforced soils. Polypropylene, polyester, polyethylene, polyamide, steel and glass fibers were frequently used in these experimental studies in which effect of fiber properties (fiber type, fiber material, tensile strength, fiber length, diameter, and aspect ratio, fiber content, fiber orientation), soil properties (soil type, relative density, sand gradation, particle shape), and test parameters (normal stress in direct shear tests, effective confining pressure in triaxial tests, loading rate, effect of drained and undrained loading, effect of extension and compression loading modes, effect of isotropic compression stage, etc.) on stress-strain, volumetric and shear strength behaviour of soils were investigated. Experimental data on fiber reinforced sands was mostly obtained from drained tests. However, data is very few for undrained loading conditions which shows that fibers also perform well in granular soils for use against stability problems under undrained loading conditions like static liquefaction of slopes and embankments as well as under earthquake loading conditions by reducing the potential of excess pore pressure development, post-liquefaction settlements and lateral spreading [3] [4] [5] [6] [7] [8] [9] [10] . So in the context of this paper, consolidated undrained triaxial testing program is conducted in order to investigate the undrained response of fiber reinforced sand in which contribution of fiber reinforcement to shear strength is evaluated depending on strain level. It is believed this experimental data will contribute to the gap in literature especially on undrained behaviour of fiber reinforced sands.
EXPERIMENTAL PROGRAM

Materials
In this experimental program, river sand from Torbalı city in the boundaries of Izmir is used as the host sand material and the polypropylene fiber obtained from SİKA is used as the reinforcing fiber material. Host sand is well graded sand (SW) with relative density and grain size distribution parameters given in Table 1 and grain size distribution curve given in Figure 1 . In addition, several index and strength parameters of the polypropylene fiber ( Figure 2 ) are given in Table 2 and important ratios concerning fiber geometry and sand granulometry are also given in Table 3 . Aspect ratio of the polypropylene fibers is 667 which is a high value and literature shows that high aspect ratios may provide strain-hardening stress-strain behaviour in fiber-reinforced sands. 
Sample Preparation and Testing Method
Consolidated undrained triaxial tests are performed on control (unreinforced) and fiber reinforced specimens at a relative density of 25% and at fiber inclusion levels of 0.5% and 1% and under three confining pressure levels 50 kPa, 100 kPa and 200 kPa. Triaxial sample dimensions were 50 mm. x100 mm. Reinforced samples were prepared at selected fiber concentrations by dry weight of sand, that is, the quantity of sand was kept unchanged when different proportions of fibers were added at a constant relative density. Fibers were mixed randomly by hand into the host sand in small increments until all the fibers were distributed uniformly within the host sand. Dry deposition method was used for compacting the sand-fiber mixture to the desired density in the split mould by slightly tamping successive layers of the mixture with a circular tamper. İbraim et al. [9] and Freilich et al. [11] stated that the fibers tend to assume a close to horizontal orientation during mixing with dry sand and that horizontal direction is the direction of tensile strain during triaxial compression. So, it is most likely that the fibers are anisotropically distributed inside the host sand. Samples were saturated with CO 2 and back pressure methods and saturation is maintained until B values of at least 0.95 were obtained. Samples are consolidated under 50, 100 and 200 kPa effective consolidation pressures afterwhich shearing of the specimen is conducted until obtaining constant pore water pressure or reaching a relative axial deformation of 20%. Figure 3 shows the variation of deviatoric stresses, pore pressures and mobilised internal friciton angles with axial strain for loose unreinforced specimens under 50, 100 and 200 kPa effective consolidation pressures. Deviator stress (q= 1 - 3 = 1 - 3 )-axial strain behaviour of all samples irrespective of consolidation pressure exhibit strain-hardening response with no noticable peak which is typical of compacted samples ( Figure 3a) . Correspondingly, pore pressure responses ( Figure 3b ) exhibit contractive volume change tendency resulting in increase in pore pressures until axial strain level of approximately %2-%3 afterwhich the behaviour is dominated by dilative volume change tendency decreasing the pore pressures considerably. Dilative tendency becomes more effective at lower effective confining pressures. Irrespective of consolidation pressure, unreinforced samples reached the pore pressure ratio of utmost 0.6 at axial strain levels of %2-%3. It may be expected that the host sand would exhibit more contractive tendency in loose state. Ogbonnaya et al. [12] showed that well graded sands have a great potential to exhibit contractive volume change tendency as that of poorly graded sands under undrained loading conditions. However, literature also points out that the volume change behaviour of sand is greatly influenced by the fabric formed during its deposition and sand samples prepared with the dry deposition method (the method used in this research), even the ones prepared in loose state, usually demonstrate dilative behaviour [13] .
INTERPRETATION OF TEST RESULTS
Unreinforced Samples
Deviatoric And Pore Pressure Response
Undrained Effective Stress Path And Phase Transformation Line
Undrained effective stress path ( Figure 5 ) is evaluated in s'-t' stress plane representing MIT stress path convention in which s=(1+3)/2 represents the hydrostatic component of stress (mean effective stress) and t=(1-3)/2 represents the deviatoric component of stress. It is seen that loose unreinforced samples, clearly exhibit dilation tendency irrespective of consolidation pressure due to compaction during sample preparation. Phase transformation line below which stress combinations lead to volumetric contraction tendency and above which lead to volumetric dilation tendency is constructed by using the phase transformation stress states (Figure 4 ) [14] [15] . These points are the s'-t' stress points corresponding to either the maximum pore pressure points on the pore pressure -axial strain relations or the stress states corresponding to s=0 on the effective stress paths for each test. Phase transformation angle has been found to be p=36.0 (figure 6). 
Failure Line and Shear Strength Parameters
Internal friction angles mobilised at any strain level for the loose state of the host sand is shown in Figure 3 Figure 6 shows the variation of mobilised friction angles of the host sand according to effective consolidation pressure at strain level of %20. Mobilised friction angles attain higher values at 50 kPa due to dilation tendency at lower consolidation pressures. Dilation tendency is suppressed as effective consolidation pressure increase which is accompanied by a decrease in mobilised friction angles. Mohr-Coulomb shear strength parameters are determined for the limiting axial strain value of %20 since stress-strain relations exhibit strain hardening behaviour with no clear peak. Cohesion and internal fricton angle of loose samples are obtained as 4.5 kPa and 36.0 (figure 8). 
Fiber-Reinforced Samples
Deviatoric And Pore Pressure Response
Typical results from consolidated undrained triaxial tests on reinfroced samples under 50 kPa effective consolidation pressure is shown in Figure 9 . Test results indicate that undrained stress-strain behaviours of fiber-reinforced specimens are of strain-hardening type with no clear peak irrespective of effective consolidation pressure and fiber content. Fiber reinforcement clearly enhanced the already strain-hardening behaviour of unreinforced samples. This kind of behaviour was also observed by other researchers [9, 4] who stated that fiber reinforcement transforms strainsoftening reponse into strain-hardening one preventing the occurance of static liquefaction in saturated sands (Figure 9a ) Initial behaviour of the composite is controlled by the sand matrix, i.e. fibers begin to respond to tensile strains only after some strain level has been reached. This strain level is around %1 for 50 kPa effective consolidation pressure while under 200 kPa, it is around %5-%10 which means higher consolidation pressures may be prohibiting the activation of tensile strains and hence the stresses inside the fibers. Variation of excess pore pressure ratios with axial strain evaluates that presence of fibers cause decrease in excess pore water pressures and hence increases in effective mean stresses which are advantageous under undrained loading conditions especially for earthquake loading conditions (Figure 9 (a) and (b) ). Mobilisation of friction angles with axial strain given in Figure 9 (d) demonstrate that mobilised friction angles of unreinforced samples attain higher values than reinforced ones reaching the highest values (approximately 50 at %20 axial strain) at 50 kPa effective consolidation pressure. 
Undrained Effective Stress Paths and Phase Transformation Line
Typical undrained effective stress paths (figure 10a) for 50 kPa effective consolidation pressure show that fiber reinforced samples tend to dilate more than unreinforced ones causing pronounced increase in mean effective and deviatoric stresses of the composite material. Phase transformation stress states corresponding to onset points of dilation tendency for both reinforced and unreinforced samples irrespective of fiber content, and effective consolidation pressure are presented in Figure 11 . All of the points fall on a distinct linear regression line indicating that phase transformation angle of reinforced samples is the same as that of unreinforced samples ( p =36.3 ). This means the volumetric behaviour of fiber reinforced samples is governed by the same rules as that of unreinforced sand (that is a change in volumetric behaviour of the sand matrix governs). Confinement supplied by the fibers helps to increase the deviatoric stresses of the reinforced samples. In addition to that, reinforced samples exhibiting more dilative tendency than unreinforced ones is advantageous for undrained behaviour since it helps to decrease the excess pore water pressures and hence an increase is achieved in effective mean stresses giving rise to improvement of interaction between the fiber and the sand grains. Chen [4] , Romero [6] , and İbraim et al. [9] as well observed the same kind of dilation tendency in their consolidated undrained triaxial tests on fiber reinforced sands. 
Shear Strength Envelopes and Shear Strength Parameters
Since fiber reinforced samples exhibit strain hardening behaviour, shear strength envelopes are evaluated at some selected axial strain levels which are. 1%, 5%, 10%, 15% and 20%. Envelopes for axial strain level of 20% in Figure 12 . Apparent cohesion and internal friction angle values corresponding to the evaluated envelopes at selected strain levels are plotted in Figure 13 where it is clearly observed that mobilisation of tensile stresses and strains inside the reinforcing fibers is strongly strain-dependent. Reinforced samples exhibit linearly increasing apparent cohesion values with axialk strain which are also greater than the corresponding unreinforced samples Internal friction angles are found to be lower than that for unreinforced samples, Considerable amount of decrease in friction angles values for loose state may be attributed to weaker interaction between sand grains and the fibers. Figure 14 
CONCLUSION
In the literature, there is considerable amount of experimental data on drained triaxial testing of fiber-reinforced sands; however, data is very few for undrained loading conditions which proved that presence of fibers absolutely improved the undrained shear strength behaviour of loose saturated sands by decreasing the excess pore water pressures and changing strain-softening stress-strain behaviour into strain-hardening one. In the context of this paper, consolidated undrained triaxial testing program was conducted on loose sand samples reinforced with polypropylene fibers in order to contribute to the gap in undrained behaviour of fiber reinforced sands. Samples were tested under effective consolidation pressures of 50, 100 and 200 kPa and at two different fiber concentrations (0.5% and 1% by dry weight of sand). Results showed that presence of fibers caused a considerable amount of decrease in excess pore water pressures while contributing to increase in deviatoric stresses of the samples. This would only be possible if sand matrix and the fiber phase both contributed to deviatoric and hydrostatic stress state of the reinforced samples which was proved to be absolutely strain level dependent. 
